Low-temperature single-crystal Raman spectra are presented for the organic ferromagnetic insulator TDAE-C 60 . The mode intensities, line shifts, linewidths, and depolarization ratios are compared with alkalidoped fullerene materials and with pure C 60 . A comparison of visible laser light excited spectra (E exc ϭ2.41 eV͒ with infrared excited Raman measurements (E exc ϭ1.17 eV͒ shows a selective resonance effect whereby in the visible spectra, a frequency shift of only the tangential modes is observed, while in the infrared measurement, which is resonant with the t 1u -t 1g electronic transition, the radial modes are also observed to shift. The effect is attributed to Raman resonance with different relaxed states of C 60 Ϫ . ͓S0163-1829͑97͒01206-X͔
I. INTRODUCTION
The relatively small changes of the vibrational and electronic properties of a C 60 molecule in many fullerene-based compounds were often considered as an indication of the weak interaction between adjacent buckyballs in the solid state. However, there is appreciable interest in systems where this interaction should play an important role in determining the macroscopic properties. The molecular charge transfer complex TDAE-C 60 ͓where TDAE is tetrakis ͑dimethyl-amino͒ethylene, C 2 N 4 (CH 3 ) 8 ͔ is one of such examples. It has become a subject of intensive study after the discovery of a possibly ferromagnetic transition at T c ϭ16 K. 1 This transition temperature is the highest for all known nonpolymeric purely organic ferromagnets.
TDAE-C 60 crystallizes in a monoclinic unit cell belonging to C2/c space group with four chemically equivalent formula units. 2 The shortest C 60 -C 60 distance is 9.95 Å ͑along the c direction͒ which implies that there are no polymer bondings between the neighboring C 60 ions as it was suggested for the orthorhombic phase of alkali-metal-doped C 60 compounds M C 60 (M ϭK,Rb). 3 Magnetic resonance measurements on TDAE-C 60 have shown that the unpaired electron is mainly localized at the C 60 ion. 4 In spite of the fact that the HOMO level of TDAE-C 60 is partially filled and a metallic ground state might be expected, the transport measurements down to 110 K showed insulating behavior with phonon-assisted polaronic hopping between relatively weak coupled C 60 ions. 5 On the other hand, ESR and NMR studies have indicated the importance of the electron correlations even above T c . Strong line narrowing was observed in the ESR spectra of TDAE-C 60 single crystals below the C 60 rotation freezing temperature (ϳ150 K͒ ͑Ref. 6͒ attributed most probably to exchange narrowing. Presuming that C 60 Ϫ ions can undergo a Jahn-Teller distortion below this temperature, it was suggested that the origin of the weak ferromagnetism in TDAE-C 60 is a superposition of the direct antiferromagnetic coupling between C 60 Ϫ along the c direction and TDAEassisted indirect coupling in the perpendicular direction giving rise to a spin canting. 6, 7 It was also shown that the ferromagnetic properties of TDAE-C 60 depend on the degree of the orientational ordering of the C 60 ions. 8 Due to the high I h symmetry of the C 60 molecule, group theory predicts only 10 Raman-active modes and four infrared-active ones, despite 174 degrees of freedom for carbon atoms. Thus, any symmetry reduction of C 60 ions in TDAE-C 60 should reveal itself in the appearance of silent modes not active for isolated icosahedra, including odd parity vibrations as it was observed in the M C 60 Raman spectra below 397 K ͑Ref. 9͒ and in the new phases of C 60 synthesized at a high pressure. 10 The early Raman and infrared absorption measurements of TDAE-C 60 were performed on powder samples or doped C 60 films. [11] [12] [13] A signal-to-noise ratio in these measurements was not very good, especially at low temperatures. The FIG. 1. The Raman spectra of the TDAE-C 60 single crystal compared to undoped C 60 single crystal at 10 K using 514.5 nm laser excitation. Red shift and broadening of A g (2) pinch mode and H g modes can be observed. charge-frequency correlation curve for the A g (2) mode of C 60
Ϫn (nϭ0,1,3,4,6) suggests a softening of eight wave numbers, 14, 15 but the shift of this mode was found to be either higher 11 or lower 13 than the expected value. Also a strong dependence of the A g (2) mode position and intensity upon the laser power was observed. 13 On the other hand, it is known that some amount of unreacted C 60 could remain in the powder sample or in the incompletely doped C 60 film. 13 Taking into account that the resonance cross section of the A g (2) mode excited with a green laser line in C 60 is apparently much higher than in TDAE-C 60 , even a small amount of unreacted C 60 or photodegradation effects can considerably distort the real spectrum. Thus, the experiments performed on the crystalline TDAE-C 60 are of great importance.
In the present work the Raman spectra of TDAE-C 60 single crystals were studied at temperatures well below the temperature of the orientation ordering transition. A red shift of the A g (2) pentagonal pinch mode of 6Ϯ1 cm Ϫ1 was observed, which is in a good agreement with M C 60 results. 14, 15 The broadening and splitting of the degenerate modes is clearly seen at low temperatures. In contrast to polymer or pressure induced phases of C 60 , we see no C 60 symmetry breaking, but effects due to resonance with the h u →t 1g , HOMO-1→LUMO electronic transition are observed and compared with Raman experiments resonant with the t 1u →t 1g , HOMO-LUMO transition.
II. EXPERIMENT
The TDAE-C 60 single crystals were grown in our laboratory from solution of C 60 and TDAE in toluene by the diffusion method. Fullerene C 60 ͑Hoechst, 99.4%͒ and TDAE ͑Aldrich, 97%͒ were taken for crystal growth as purchased. All manipulations were performed in an argon glove box ͑oxygen concentration less than 1 ppm͒. Shiny black crystals with well-developed faces of typical sizes 0.5ϫ1ϫ1.5 mm were obtained after 2-3 weeks. The existence of a ferromagnetic transition at 16 K in the crystals was confirmed by ESR measurements.
Since TDAE-C 60 is highly reactive with oxygen, special care was taken to protect the surface of the crystals from exposition to air. The single crystals of TDAE-C 60 were glued on the cold finger of the CF2102 Oxford cryostat ͑us-ing Torr Seal epoxy glue͒ in the argon glove box. The cryostat was afterwards evacuated to the high vacuum (ϳ10 Ϫ6 mbar͒. To avoid a systematic error in the evaluation of the C 60 ionization shift of the Raman modes in TDAE-C 60 , the position of the same mode was always measured simultaneously for a C 60 single crystal which was attached near the investigated TDAE-C 60 sample.
In order to obtain the Raman spectra of TDAE-C 60 crystals, resonant excitation with the h u →t 1g transition of C 60 an argon-ion laser ͑Coherent Innova 70͒ line at ϭ514.5 nm (E exc ϭ2.41 eV͒ was used. Various interference filters and a prism monochromator served to clean the excitation spectra from plasma lines. The scattered light was analyzed with a SPEX 1877 triple monochromator equipped with a nitrogen cooled CCD detector in 180°back scattering geometry. To avoid any photodegradation effect observed on powder samples, 13 the laser light was focused on the sample with a cylindrical lens and its power density was limited to 10 W/cm 2 . We used 1800/mm grating for analysis of the peak structure and 600/mm grating for polarization measurements.
To prevent structural defects, crystals were not cleaved and the Raman spectra were taken from natural crystal faces ͑mainly ͕111͖) in the case of C 60 single crystals whereas the TDAE-C 60 crystals were not oriented.
Since the signal-to-noise ratio of the Raman spectra in VH polarization was rather low, the integral intensities of some weak modes were calculated with the fixed peak position and width obtained earlier for HH polarization. The Raman data were fitted with the sum of Lorentzian lines and a linear background using commercial PC programs. The positions and full widths at half maximum ͑FWHM͒ of the reported Raman lines were obtained as results of the fitting procedure.
III. RESULTS AND DISCUSSION
The Raman spectrum of the TDAE-C 60 crystal at 10 K shown in Fig. 1 covers the whole frequency range of the fundamental internal modes of the C 60 molecule. If we compare it with the well-known spectrum for a C 60 single crystal at the same temperature ͑also shown in Fig. 1͒ one can see that the main features in both spectra are very similar. There are two dominating A g modes and eight much less intense, broadened and split bands in the vicinity of the H g modes of pristine C 60 . Since the Raman spectrum of the TDAE-C 60 crystal deviates from the spectrum of the C 60 molecule only slightly, we can assume that the crystal field influence on the internal symmetry of the C 60 ion is weak and describe TDAE-C 60 modes as derived from the corresponding C 60 modes.
The frequencies of the observed Raman modes, their FWHM and relative intensities together with our data for a C 60 single crystal ͑at 10 K͒ and the Raman data of Denisov et al. obtained on a powder sample of TDAE-C 60 ͑using 1064 nm laser excitation at 300 K͒ ͑Ref. 12͒ are presented in Table I . Relative intensities have been normalized with respect to the intensity of the radial A g (1) mode at 496 cm Ϫ1 since the intensity of the strongest tangential pinch mode A g (2) at 1463 cm Ϫ1 varies considerably from one spot on the crystal to another while the former does not.
The polarization study has shown that the ratio I VH /I HH ϭ0.1 of the A g (2) mode of TDAE-C 60 is close to this value in the pristine C 60 . 15 Interestingly the strong selection rule for the radial A g (1) in C 60 (I VH /I HH ϭ0.02) is considerably weakened in TDAE-C 60 and becomes similar in magnitude to that of the A g (2) mode. The same violation of the polarization selection rule for the radial A g (2) mode was observed in M 6 C 60 and was interpreted as the result of the sensitivity of the C 60 ion symmetry to ball-alkali-metal distance during the radial vibration. 15 Apparently in TDAE-C 60 the violation of the selection rule for the A g (1) mode is a manifestation of symmetry breaking arising from an anharmonic potential caused by short contacts between C 60 and TDAE.
In contrast, the depolarization ratios for H g -derived modes are comparable with their values in the pristine C 60 . 15 Taking into account the recent assignment of the optically silent modes for the C 60 crystal, 16 two weak features at 484 and 760 cm Ϫ1 can be assigned to the G g (1) and H g (1) G g (1) even parity vibration and combination mode, respectively ͑see the last rows of Table I͒. The weak band at 1084 cm Ϫ1 is probably the odd parity mode G u (4) also observed in the C 60 Raman spectrum.
Comparing the peak positions of TDAE-C 60 and C 60 Raman modes one can see that modes with mainly radial character of carbon displacements ͓A g (1), H g (1,2,3 )͔ are downshifted in frequency much less ͑or not shifted at all͒ than the high frequency modes A g (2) and H g (7, 8) with predominantly tangential character. 17 The Raman spectrum of TDAE-C 60 and C 60 ͑for comparison͒ in the regions of the radial ͑70% ͒ H g (1) mode and tangential ͑100%͒ A g (2) and ͑99%͒ H g (8) mode are shown in Figs. 2-4 , respectively. The analogous behavior of the Raman modes observed earlier in the spectra of alkali-metal-doped C 60 compounds was explained by a charge transfer related effect, 18 whereby the electron transfer into aromatic rings stretches out the C-C bonds and decreases the tangential mode frequencies, while the frequencies of the radial modes mainly depend on the angle bending force constants which remain unchanged upon doping.
In Table II the shift values of A g and high frequency H g modes of TDAE-C 60 are compared with these values for the corresponding modes in M n C 60 compounds. 15 For nϾ1 the shift value is normalized per one electron transferred from the alkali metal. The quite good agreement between the shift values is observed for A g and H g (1) , H g (4) modes. The higher values of the shifts that were reported for H g (2) , H g (5) , H g (7) , and H g (8) modes in RbC 60 ͑Ref. 15͒ can be explained by some uncertainty in the determination of these modes' positions due to their low intensity and broadening. Some discrepancy with M 6 C 60 data might be the consequence of nonlinear behavior of the shift with nϾ3 since our data correspond quite well with K 3 C 60 .
Comparing the effects of resonance on our results with the data of Denisov et al., 12 who performed Raman spectroscopy at ϭ1.06 m ͑last column in Table I͒ , we can see that positions of the tangential modes (wϾ700 cm Ϫ1 ) correspond well in the two cases, but there are big differences in the frequencies of the radial modes. According to Denisov et al. 12 all radial modes are downshifted near 7 cm Ϫ1 , which is not observed with 514.5 nm excitation.
We suggest that the origin of this effect is related to the involvement of different Frank-Condon shifted levels in resonances at 1.06 m and 514.5 nm, respectively, in photoexcited C 60 Ϫ . 19, 20 Upon resonant photoexcitation, a relaxed state, denoted as C 60 Ϫ * , is created by the incident photon (2) 1469 Ϫ6Ϯ1 Ϫ7 Ϫ5 Ϫ6 Ϫ6 Ϫ6 H g (1) 272 (2) 433
creating new t 1u * HOMO and t 1g * LUMO levels derived from the original t 1u and t 1g levels of the unexcited anion. The suggested Raman transitions between such states are shown in Fig. 5 The spectrum in the vicinity of the A g (2) mode was previously found to be very sensitive to laser power 13 and also to be very sample dependent. 21 As a result it was difficult to make a reliable assignment of the pinch-mode spectra on the basis of powder spectra even with the lowest laser powers. 13 To clarify the influence of TDAE-C 60 exposure to air, we have measured the Raman spectra of three crystals, progressively more exposed to air. Sample A was stored in air for 4 days before measurement, sample B was cleaved in air and immediately put into the cryostat, while sample C was both cleaved and mounted in a glove bag with a 15 min purge of He gas to reduce the O 2 . The spectra of these crystals are compared with the spectra of samples which were handled with extreme care in a glovebox with O 2 Ͻ1 ppm in Fig. 6 . Dramatic changes are observed in the shape of the spectrum upon the air exposition. The sharp narrow A g (2) line at 1463 cm Ϫ1 of uncontaminated TDAE-C 60 becomes three times broader in the spectrum of sample C showing that even the slightest exposure to air completely changes the spectrum in this region. With further exposition ͑sample B) the intensity of the A g (2) line drops and a sharp line at the position of A g (2) mode in the pristine C 60 (1469 cm Ϫ1 ) appears while in the spectrum of the strongly contaminated sample A, only two broad features ͑FWHM ϳ50 cm Ϫ1 ) with broad maxima at 1435 and 1462 cm Ϫ1 are observed. We note that only the sharp line at 1463 cm Ϫ1 is intrinsic, while the broad feature at the same frequency in contaminated samples is not ͑sample C), and is most probably a superposition of TDAE ϩ C 60 Ϫ and C 60 lines.
IV. CONCLUSIONS
The Raman spectra of TDAE-C 60 single crystals were studied with 514.5 nm ͑2.41 eV͒ excitation at temperatures well below the temperature of orientation ordering transition, avoiding possible photopolymerization effects. Very few additional optical modes over those anticipated from I h symmetry of the C 60 Ϫ ion were observed which can be considered as an evidence for weak intermolecular coupling in TDAE-C 60 . High frequency tangential modes of TDAE-C 60 exhibit a softening similar as in alkali-doped fullerene compounds which is attributed to elongation of C-C bonds in aromatic rings, 18 which is in contrast to the behavior observed by Denisov et al. 12 with 1.06 m resonant excitation, where both tangential and radial modes shift in frequency. The effect is attributed to selective Raman resonance with two different sets of Frank-Condon relaxated states of the C 60 Ϫ molecule, one resonant with the t 1u →t 1g transition near 1 eV and the other with the h u →t 1g transition at 2.4 eV. (2) mode of TDAE-C 60 for four different crystals: ͑TDAE-C 60 ) represents the spectrum of the crystal that was not exposed to air, samples A, B, C were exposed to air for different times ͑see text͒; the spectrum of C 60 is presented for comparison.
